Tau is a neuronal microtubule-associated protein implicated in microtubules stabilization, axonal establishment and elongation during neuronal morphogenesis. Because of its elevated expression in neocortical regions and hippocampus, tau might play a role in sculpting collective neural responses underlying slow and fast brain oscillations and/or long-range synchronization patterns between hippocampus and neocortex. To test this hypothesis, local field potentials were recorded in tau-deficient (tau 2/2 ) and wild-type mice from different neocortical regions and from the hippocampus during spontaneous motor exploratory behavior. We found that tau 2/2 mice showed hippocampal theta slowing and reduced levels of gamma long-range synchronization involving the frontal cortex. We hypothesize that the lack of normal phosphorylated tau during early stages of development might influence the maturation of parvalbumin interneurons affecting the spatiotemporal structure of long-range gamma synchronization. Also, the proper functioning of gap-junction channels might be compromised by the absence of tau in hippocampal networks. Altogether, these results provide novel insights into the functional role of tau protein in the formation of collective neural responses and emergence of neocortical-hippocampal interactions in the mammalian brain. V V C 2010 Wiley-Liss, Inc.
INTRODUCTION
Tau protein is one of the major neuronal microtubule-associated proteins (MAPs) that was discovered 30 years ago (Weingarten et al., 1975; Cleveland et al., 1977; Fellous et al., 1977) . Tau function has been studied in vitro or in cultured cells where it plays an important role in facilitating microtubules stabilization as well as axonal establishment and elongation during neuronal morphogenesis (Drubin and Kirschner, 1986; Caceres and Kosik, 1990) . On the other hand, tau is unevenly distributed in the mammalian brain exhibiting its highest expression over frontotemporal neocortex and hippocampus (Goedert et al., 1989; Trojanowski et al., 1989; Santa-Maria et al., 2005; McMillan et al., 2008) . In vivo-tau function has also been explored in tau-deficient (tau 2/2 ) mice, although scarce differences were found when compared with their wild-type (wt) counterparts (Perez et al., 2009) . Tau 2/2 animals, although phenotypically normal (Harada et al., 1994) , showed a significant delay in the axonal extension of hippocampal neurons and lag in stage development (Dawson et al., 2001) , which might affect both neural coordination and information flow within local-and long-range circuits.
Theta oscillations (5-11 Hz) represent the most prominent collective response of the hippocampal formation in lower mammals, playing a critical role in spatial cognition and memory formation (Bland and Oddie, 2001; Buzsaki, 2005; Itskov et al., 2008) . Current generators of theta waves have also been observed in neocortical regions in rodents (Mitchell and Ranck, 1980; Alonso and Garcia-Austt, 1987; Leung and Borst, 1987) and humans (Kahana et al., 1999; Cantero et al., 2003; Raghavachari et al., 2006) . Viewed from this context, tau protein might be indirectly facilitating the functional integrity of synaptic mechanisms involved in the electrophysiological properties of theta oscillations. But the role of tau in hippocampal theta oscillations and its functional coordination with neocortical assemblies has not been explored to date.
Gamma oscillations (30-80 Hz) have also been recorded in the neocortex and hippocampus (Gray and Singer, 1989; Bragin et al., 1995; Buzsaki and Draguhn, 2004) . Electrical communication between interneurons has been demonstrated to be essential for the generation of gamma waves (Katsumaru et al., 1988; Gibson et al., 1999; Tamas et al., 2000) , thereby supporting a role for interneuronal gap junctions at producing fast rhythmic synchronization in small patches of nervous tissue . Gamma oscillations are relevant in neuronal communication and synaptic plasticity (Bibbig et al., 2002) , providing cues for understanding neuronal processing in both local and distributed cortical networks involved in cognitive functions (Jensen et al., 2007) . Hypothetically, the lack of tau in neocortical regions and hippocampus might affect the maturation of parvalbumin interneurons involved in gamma synchronization within local neocortical circuits and/or the proper functioning of gap-junction channels in hippocampal networks. These alterations might lead to random modifications of functional circuits between both regions changing its precise spatiotemporal structure.
To investigate if tau plays a role in shaping electrophysiological properties of neural oscillations, local field potentials (LFPs) were recorded in tau 2/2 and wt mice from different neocortical regions and hippocampus during spontaneous exploratory motor behavior. Electrophysiological features of theta and gamma oscillations were determined to establish if local synchronization and/or functional circuits between neocortex and hippocampus were significantly affected in tau 2/2 animals.
MATERIALS AND METHODS

Animals
Tau 2/2 mice were generated as previously described (Dawson et al., 2001) . Heterozygous tau 1/2 mice (from C57 BL/6 3 129VJ background) were backcrossed into C57 BL/6J (Charles River Laboratories International) for several generations to obtain a strain on a homogenous genetic C57 BL/6J background. Finally, the resulting tau 1/2 animals were crossed to generate homozygous tau 2/2 mice and their control littermates (wt tau 1/1 ) (Fig. 1A) . These animals were used in all the experiments reported here.
Animals were bred at the Centro de Biología Molecular ''Severo Ochoa'' (Madrid, Spain) and maintained following the institutional guidelines. Four to five mice were housed per cage with food and water available ad libitum in a temperature-controlled environment on a 12-h light-dark cycle. For electrophysiological recordings, the mice were individually housed in the Animal Supply and Care Service of the University of Cadiz (Cadiz, Spain). Following the mandatory quarantine period, wt and tau 2/2 mice were subjected to electrode implantation surgery.
Surgery
Mice (n 5 6 for each genotype, 4 months old) were anesthetized with ketamine/xylidine-dihydrothiazine (35:1 mg/kg, i.m.). One hole overlying the hippocampus (1 mm in diameter) was drilled to permit targeting of the CA1 subfield under stereotaxic guidance. Electrode wire for hippocampal LFP recordings was made of stainless steel (60-lm diameter; reference no. 796000; A-M systems, Carlsborg, WA) and implanted over the right cerebral hemisphere (1.9-mm posterior from bregma, 2-mm lateral from midline, and 1.5 mm from the dura). Once the electrode was implanted at the hippocampus, the hole was covered with a mixture of paraffin oil and wax. Additionally, three stainless steel electrodes (50-lm diameter; reference no. 790700; A-M systems, Carlsborg, WA) were equidistantly implanted in neocortical regions: secondary motor cortex-M2 region (3-mm anterior to bregma and 1-mm lateral to midline), primary somatosensory cortex-forelimb area (0 mm to bregma and 2-mm lateral to midline), and secondary visual cortex-V2 lateral region (3-mm posterior to bregma and 3-mm lateral to midline). Electrodes were fixed to the skull with stainless steel screws and dental cement. The common reference electrode was located above the cerebellum (1-mm posterior to lambda on midline). Two stainless steel wires (diameter 1 mm) were inserted into the neck muscles to record muscular Tau expression and regional distribution in brains from wt and tau 2/2 mice. A: Tau 2/2 and its wt counterpart (n 5 6 for each genotype) were isolated after the crosses indicated in the figure to obtain a homogeneous background (see Methods for a detailed explanation). B: Western blot of brain homogenates from wt and tau 2/2 mice using an antibody against tau protein (7.51 antibody) and b-actin. C: Immunohistochemistry in brain sagital sections of wt and tau 2/2 mice performed with an antibody against tau protein (tau1). Higher magnification photographs of frontal regions are shown in the bottom panel. Notice an increased tau expression in frontal and temporal lobes. Scale bar 5 1 mm. activity (EMG). Mice were allowed to recover for 2 weeks from surgery before experimental sessions and habituated to the experimental settings during 24-h before the recording session.
Electrophysiological Data Acquisition
LFPs and EMG were continuously recorded for 24-h in the animal's home cage. Electrophysiological signals were amplified by a factor of 20,000, conditioned by an analog high-pass filter (23 dB at 0.016 Hz), and converted to digital at a frequency rate of 200 Hz by using the PowerLab/8SP A/D interface (AD Instruments, Castle Hill, Australia). Raw signals were stored in a computer for off-line analysis.
Quantitative Analysis of Oscillations
Sixty seconds of continuous artifact-free LFP recordings were selected during spontaneous exploratory motor behavior in each animal (n 5 6 for each genotype). Running speed was similar in both groups of mice. Averaged spectral power was estimated by applying the Welch's modified periodogram method (4-s segments, 1 Hz resolution, 50% overlapping, and Hanning windowing) to selected LFP recordings in each derivation. Both theta (5-11 Hz) and gamma (30-80 Hz) peak frequencies were identified as the maximum spectral power value within the band limits for each derivation and animal, separately.
Synchronization between neuronal populations can be inferred from their coherent resonances. The coherence function is defined as the squared normalized cross-power spectrum. It is a measure of synchrony based on the phase consistency between pairs of signals within each frequency band (Jenkins and Watts, 1968) . Coherence measurements yield insights into the functional network formation and neural dynamics at longrange scales. It ranges from 0 to 1, 0 indicating that there is no linear association (i.e., that one process is not linearly predicting another process) and 1 indicates a perfect linear association between LFP signals. Theta and gamma coherence were computed separately between different neocortical regions (secondary motor cortex, primary somatosensory cortex, and secondary visual cortex), and between each neocortical structure and hippocampus for each animal. The square root of the coherence was normalized using a Fisher's transform before averaging and statistical analysis. All quantitative LFP analyses were performed by using scripts written for Matlab v. 7.4 (The MathWorks Inc., Natick, MA).
Statistical Analysis
Differences in peak frequency, spectral power, and coherence between wt and tau 2/2 mice were separately tested by one-way analyses of variances for each frequency band.
Testing for coherence between LFP signals requires of a robust statistical approach to identify reliable patterns of longrange neural interactions. We applied a random bootstrap surrogate of the input data to previously differentiate systematic neural synchronization from spurious background fluctuations (Theiler et al., 1992) . Coherence results were obtained after surrogate signals, and the overall maximum value was used as threshold of statistical significance. Experimental results were always above the significance threshold obtained with surrogates (P < 0.01).
Histology
Following completion of the electrophysiological experiments, mice were deeply anesthetized with a high dose of nembutal (100 mg/kg). Keeping the electrode in situ, animals were perfused. Brains were extracted and placed in fixative for 24-48-h and then cut into 80-lm-thick sections using a vibratome. For verification of electrode placement, sections were mounted on gelatin-coated slides, stained with Nissl method, dehydrated, and studied with light microscopy.
Tau Immunohistochemistry
Wt and tau 2/2 mice anesthetized with xylazine/ketamine were perfused with phosphate-buffered saline (PBS) first and then with 4% (w/v) paraformaldehyde (PFA) in Sorensen's buffer. Brains were incubated with 4% PFA for 2-h and cryoprotected in 30% (w/v) sucrose solution. Brains were cut in 30-lm-thick sagittal sections on a freezing microtome (Leica) and collected in glycol solution (20 mM phosphate buffer with 30% (v/v) glycerol and 30% (v/v) etylenglycol). Sections were incubated for 1-h with 1% (w/v) bovine serum albumin, 5% (w/v) fetal bovine serum, and 0.2% (v/v) Triton X-100 and then with the monoclonal primary antibody tau-1 (Chemicon) raised against tau protein (Papasozomenos and Binder, 1987) and diluted (1/500). Finally, samples were incubated in avidinbiotin complex using the Elite Vectastain kit (Vector Laboratories). Chromogen reactions were performed with diaminobenzidine (Sigma) and 0.003% (v/v) H 2 O 2 for 10 min. Sections, mounted in Depex (Labclinics), were imaged using a stereomicroscope model MZ95 coupled to a digital camera (Leica).
Western Blot Analysis
Brains from wt and tau 2/2 mice were homogenized at 48C in a buffer containing 20 mM Hepes pH 7.4, 100 mM NaCl, 20 mM NaF, 5 mM EDTA, 1% (v/v) Triton TX-100, 30 mM glycerophosphate, 5 M pyrophosphate, 1 lM okadaic acid, and a cocktail of protease inhibitors (Roche). Lysates were centrifuged at 12,000g for 15 min at 48C. Supernatants in electrophoresis buffer were run on 10% SDS-PAGE gels and electrophoretically transferred to a nitrocellulose membrane (Schleicher & Schuell). After blocking of nonspecific protein binding with 5% (w/v) nonfat dried milk and 0.05% (v/v) Tween 20 in PBS, the filters were incubated in the presence of the primary antibody at 48C overnight in blocking buffer. Primary antibodies used were 7.51 to detect tau protein (1/100; a gift from Dr. C. Wischik, MRC, Cambridge) (Novak et al., 1991) and anti-b-actin (1/1,000; Sigma-Aldrich). The immunoreactive bands were displayed using enhanced chemiluminescence (Amersham Biosciences) after the incubation with horseradish peroxidase-linked secondary antibodies (Invitrogen).
Gene-Expression Analysis
For transcriptional analysis, Affymetrix MOE 430A 2.0 GeneChip 1 was used, which analyzes 14,000 annotated mouse genes. Hippocampal tissue from tau 2/2 mice and control littermates (n 5 3 per group) was analyzed. RNA preparation, hybridization, staining, and scanning of the GeneChip 1 MOE 430A 2.0 were carried out by Progenika Biopharma Laboratories.
RESULTS
Tau Expression and Regional Distribution
First, tau 1/1 and tau 2/2 (n 5 6 for each genotype) isolated from the same offspring were used for our analysis (Fig. 1A) . Western blot analysis showed expression of tau protein in wt and tau 2/2 mice, using as control an antibody raised against b-actin. We found that tau protein is expressed in wt mice but not in tau 2/2 brains (Fig. 1B) . We further performed immunohistochemistry analysis using a monoclonal antibody to detect tau protein in both mouse strains. In agreement with previous results, immunoreactivity levels of the tau protein observed in wt brains were absent in tau 2/2 animals (Fig. 1C) . Also, an increased tau expression in frontotemporal lobes was observed (Fig. 1C) as previously reported (Goerdert et al., 1989; Trojanowski et al., 1989; Santa-Maria et al., 2005; McMillan et al., 2008) . Gene expression was also analyzed (see Methods) and the only transcript that showed a drastic decrease in tau 2/2 compared to tau 1/1 mice was the tau RNA (tau 2/2 vs. tau 1/1 : fold change 25,42; P < 10
25
).
Effects of Tau on Theta Oscillations
Theta power (5-11 Hz) did not differ between wt and tau 2/2 mice (n 5 6 for each genotype) neither in the hippocampus nor neocortical regions (Fig. 2, top panel) . In contrast, hippocampal theta rhythm in tau 2/2 animals (Fig. 2 , bottom panel) was significantly slower [F(1,10) 5 13.04; P < 0.005]. On average, theta oscillations over hippocampus peaked 1.75 Hz slower in tau 2/2 (mean 6 SEM 5 6.9 6 0.2 Hz) when compared with wt mice (mean 6 SEM 5 8.6 6 0.4 Hz). Examples of hippocampal theta recordings and its power distribution are illustrated in Figure 3 . Neocortical regions showed similar theta peak frequency in both groups (Fig. 2, bottom panel) .
Levels of theta synchronization between neocortical regions and between hippocampus and neocortical structures were statistically similar in both genotypes (Fig. 5, top panel) .
Effects of Tau on Gamma Oscillations
Neither power nor peak frequency in the gamma band (30-80 Hz) recorded from neocortex, and hippocampus was affected in tau 2/2 animals (Fig. 4) . These findings do not support a role for tau protein at regulating collective neural responses within this frequency band. In contrast, we found that the lack of tau impairs functional coordination patterns between frontal cortex and the remaining brain structures {i.e., primary somatosensory cortex [F(1,10) 5 24.61; P < 0.001], secondary visual cortex [F(1,10) 5 13.57; P < 0.004], and hippocampus [F(1,10) 5 6.55; P < 0.02]}. No between-groups differences in gamma synchronization levels were observed between other neocortical structures or between other neocortical regions and the hippocampus (Fig. 5, bottom panel) . Figure 6 shows coherence patterns between the frontal cortex and hippo- Tau protein and theta oscillations in neocortex and hippocampus. Theta power (top panel) and theta peak frequency (bottom panel) in different neocortical regions and hippocampus in wt and tau 2/2 mice. Spectral power was logarithmically transformed (top panel). Averaged results from 6 wt and 6 tau 2/2 mice. 
DISCUSSION
This work investigates if tau, a MAP, plays a role in the modulation of neocortical and hippocampal neural responses during exploratory motor behavior. We found that tau-deficient mice showed theta slowing in hippocampus and impaired gamma synchronization patterns between the frontal cortex and other cortical areas and the hippocampus. Altogether, our findings support a role of tau in the emergence of collective neural responses during the generation of hippocampal theta rhythm and in the formation of functional circuits between the frontal cortex and other brain regions through gamma oscillations.
Theta slowing was restricted to the hippocampus in tau 2/2 mice; the neocortical mantle showing similar electrophysiological properties of theta waves in both mouse strains. This result is supported not only by the hippocampal location of the main generators of extracellular theta oscillations (Buzsaki, 2002) but also by the elevated expression of tau in hippocampus (Goerdert et al., 1989; Trojanowski et al., 1989; Santa-Maria et al., 2005; McMillan et al., 2008) . Early stages of development have been demonstrated to be critical for the formation of synaptic connections and functional circuits in many regions of the nervous system, including the hippocampus and neocortex (Wagner and Luhmann, 2006; Sun and Luhmann, 2007; Blankenship and Feller, 2010) . But establishing neural circuits also require elements from both stable and plastic properties of the FIGURE 5. Tau protein and long-range theta and gamma synchronization. Levels of theta (top panel) and gamma (bottom panel) coherence between any pairs of cerebral regions recorded. F, frontal cortex; S, somatosensory cortex; O, occipital cortex; H, hippocampus. Averaged results from 6 wt and 6 tau 2/2 mice. **P < 0.005; *P < 0.05. Tau protein and gamma oscillations in neocortex and hippocampus. Gamma power (top panel) and gamma peak frequency (bottom panel) in different neocortical regions and hippocampus in wt and tau 2/2 mice. Spectral power was logarithmically transformed (top panel). Averaged results from 6 wt and 6 tau 2/2 mice. FIGURE 6. Functional connectivity patterns of gamma oscillations (30-80 Hz) between frontal cortex and hippocampus during 60-s of continuous exploratory motor behavior in one wt (top panel) and one tau 2/2 mouse (bottom panel). Note the significant decrement of gamma coherence in the tau-deficient animal when compared with the wt mouse. x-axis, time (seconds); y-axis: frequency (Hz); color scale, level of neural coherence (0 minimum, 1 maximum).
neuronal cytoskeleton, which is also assisted by tau during the early postnatal period. Tau function can be regulated by phosphorylation (Avila et al., 2004) , and phosphorylated tau progressively disappears from neurons after 10 days of postnatal life pointing to an important function of this protein during periods of high plasticity in the developing mammalian brain (Brion et al., 1994) . The lack of phosphorylated tau in the developing hippocampus of tau 2/2 mice might induce subtle changes in the formation of local circuits, which might result in hippocampal theta slowing. Theta waves recorded in the frontal cortex could be volume conducted from the olfactory bulb rather than intrinsically generated in the frontal region. Therefore, although neuronal tau was drastically reduced in the neocortex of tau 2/2 mice, its interference with the hippocampal generation of the theta rhythm is unlikely.
Gamma oscillations are present in all cortical areas (Gray and Singer, 1989; Buzsaki and Draguhn, 2004) and in all subfields of the hippocampus (Bragin et al., 1995) where they are evoked under specific behavioral conditions, such as exploratory activities . They have been implicated in diverse cognitive functions ranging from perceptual binding (Singer and Gray, 1995) and attentional selection (Fell et al., 2003) to encoding and memory retrieval . Generation of gamma oscillations is supported by neocortical networks of parvalbumin interneurons, enhancing signal transmission by reducing circuit noise and amplifying circuit signals in neocortex (Sohal et al., 2009) . If synchronized gamma oscillations critically depend on the efficacy of fast-spiking parvalbumin interneurons, the lack of tau might affect the synergy between fast-spiking parvalbumin interneurons and gamma oscillations in promoting transmission of signals within neocortical microcircuits, especially within the frontal cortex where tau protein is densely expressed in wt mice (see Fig. 1C ).
Evidence supports the existence of mechanisms for synchronizing neocortical neuronal assemblies despite significant separation in space and/or very large conduction delays (Bibbig et al., 2002; Bazhenov et al., 2008) . More specifically, longrange synchronization in the gamma band was found between primary and associational visual cortices (Engel et al., 1991) , between prefrontal and parietal areas (Desmedt and Tomberg, 1994) and between the cortex and the thalamus (Steriade et al., 1996) . Neural structures with local synaptic connectivity (as occurs in many cortical areas) are able to show efficient largescale gamma synchronization and its breakdown might signal the hallmark of neurological and psychiatric disorders (Uhlhaas and Singer, 2006) . Here, we show reduced gamma synchronization between the frontal cortex and the remaining regions (primary somatosensory cortex, secondary visual cortex, and hippocampus) in tau-deficient mice. It might happen that the lack of normal phosphorylated tau during early stages of development affects the maturation of parvalbumin interneurons impairing the spatiotemporal structure of long-range gamma synchronization. This result is supported by three sources of evidence: (i) tau expression is densely expressed in frontal regions (see Fig.  1C ) as previously reported (Goerdert et al., 1989; Trojanowski et al., 1989; Santa-Maria et al., 2005; McMillan et al., 2008), (ii) anatomical studies have demonstrated the existence of a monosynaptic pathway from the hippocampus to the frontal cortex (Swanson, 1981; Ferino et al., 1987; Thierry et al., 2000) , and (iii) gamma-band synchronization between distant brain regions, including the frontal lobe, has been involved in a variety of cognitive processes, such as perception, attentional selection, and memory (Desmedt and Tomberg, 1994; Von stein et al., 2000; Doesburg et al., 2008 Doesburg et al., , 2009 Sehatpour et al., 2008) . Combining more specific cognitive tests with long-range gamma synchronization measurements could be a more adequate approach at providing novel insights into the role of tau in cognitive functions.
The determination of neuronal polarity at early stages of development is essential for the formation of hippocampal neural circuitry indirectly contributing to its oscillatory features and underlying cognitive functions. This developmental process coincides with the peak of expression of the Cx36 neuronalspecific gap-junction channels whose absence induces alteration in the electrophysiological properties of hippocampal gamma rhythms (Hormuzdi et al., 2001) . Gap junctions play an important role at synchronizing electrical relations among adult neurons as well as in pattern formation during neuronal development and differentiation (Peinado et al., 1993; Kandler and Katz, 1998; Rozental et al., 1998) . This time window is also critical for the maturation of intrinsic pyramidal neuronal properties and temporally correlates with the disappearance of the gap junction-mediated coupling of these neurons in neocortex during early stages of development (Nadarajah et al., 1997) . The high incidence of gap junctions between pyramidal cells during this period facilitates the formation of local circuits in developing neocortex (Sutor and Hagerty, 2005) shaping the definitive synaptic arrangement that will allow the emergence of neocortical oscillations. In addition, interneuronal axo-axonal electric coupling mediated by gap junctions has demonstrated to participate in the emergence of long-range synchrony of gamma oscillations in the hippocampus (Traub et al., 2000) and to selectively increase gamma coherence (Bartos et al., 2007) . The influence of tau in axonal development of hippocampal cells (Dawson et al., 2001 ) might contribute to the proper functioning of specific connexins during electrotonic communication in hippocampal interneurons. Although a role for tau has been demonstrated in the formation of interendothelial cell gap-junctions (Creighton et al., 2008) , the link between tau and neuronal gap-junction channels remains to be elucidated.
Regardless of the mechanisms involved in electrophysiological changes mediated by tau, the present results reveal, for the first time, the participation of tau in the regulation of theta and gamma oscillations in neocortex and hippocampus. We hypothesize that normal levels of phosphorylated tau during early stages of development are required for the maturation of parvalbumin interneurons involved in gamma synchronization within local neocortical circuits and the proper functioning of gap-junction channels in hippocampal networks. Previous studies supported the specific role of tau in axonal elongation of cultured hippocampal neurons (Dawson et al., 2001 ) that is unable to be compensated by other MAPs. Thus, the lack of tau within the hippocampal formation might induce subtle changes in the formation of local circuits resulting in theta slowing.
